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Filamin C plays an essential role in the maintenance of the structural integrity of
cardiac and skeletal muscles, revealed by the medaka mutant zacro
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Filamin C is an actin-crosslinking protein that is specifically expressed in cardiac and skeletal muscles.
Although mutations in the filamin C gene cause human myopathy with cardiac involvement, the function
of filamin C in vivo is not yet fully understood. Here we report a medaka mutant, zacro (zac), that displayed
an enlarged heart, caused by rupture of the myocardiac wall, and progressive skeletal muscle degeneration in
late embryonic stages. We identified zac to be a homozygous nonsense mutation in the filamin C (finc) gene.
The medaka filamin C protein was found to be localized at myotendinous junctions, sarcolemma, and Z-disks

Keywords: . . . : - .
Medaka mutant in skeletal muscle, and at intercalated disks in the heart. zac embryos showed prominent myofibrillar
Filamin C degeneration at myotendinous junctions, detachment of myofibrils from sarcolemma and intercalated

Cardiac muscle disks, and focal Z-disk destruction. Importantly, the expression of vy-actin, which we observed to have a
Skeletal muscle strong subcellular localization at myotendinous junctions, was specifically reduced in zac mutant myotomes.
zacro Inhibition of muscle contraction by anesthesia alleviated muscle degeneration in the zac mutant. These

results suggest that filamin C plays an indispensable role in the maintenance of the structural integrity of

cardiac and skeletal muscles for support against mechanical stress.

© 2011 Elsevier Inc. All rights reserved.

Introduction

Skeletal muscle and heart are the organs that produce physical
force by muscle contraction, and muscle fibers are incessantly ex-
posed to strong mechanical stress. To protect intracellular structures
against such mechanical stress, muscle fibers express a variety of
muscle-specific proteins that often form large complexes.

Two major protein complexes, the dystrophin-associated glyco-
protein complex (DGC) and the integrin complex are known to
have important roles in affording mechanical integrity to striated
muscle. In skeletal muscle, these complexes, which are localized at
the sarcolemma (Arahata et al., 1988; Mayer, 2003; Watkins et al.,
1988) and myotendinous junctions (MT]s; (Bao et al., 1993; Samitt
and Bonilla, 1990; Shimizu et al., 1989), where the muscle fibers are
connected to tendon, link the subsarcolemmal actin cytoskeleton
to the extracellular matrix (ECM) (Burkin and Kaufman, 1999;
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Campbell, 1995; Yoshida et al., 2000). Defects in the components of
this DGC lead to muscular dystrophy (Bonnemann et al., 1995; Hoffman
et al.,, 1987; Lim et al., 1995; Nigro et al., 1996; Noguchi et al., 1995;
Roberds et al., 1994), an inherited muscular disorder characterized by
progressive muscle degeneration, suggesting the importance of this
linkage system for the integrity of muscle fibers. Muscle fibers specifi-
cally express a7p31 integrin, and a defect of o7 integrin causes muscular
dystrophy, primarily affecting muscle fibers close to the MT]Js (Hayashi
et al,, 1998; Mayer et al., 1997; Miosge et al., 1999), pointing to the im-
portance of the integrin-based linkage for muscle integrity, particular-
ly at MT]Js. In heart, DGC and integrins are localized at the sarcolemma
as well as at intercalated disks, which are the contact sites between
cardiomyocytes (Anastasi et al., 2009; van der Flier et al., 1997).

The Z-disk is a huge multi-protein complex that constitutes the
border of individual sarcomeres. This Z-disk plays a key role in the
crosslinking of actin thin filaments of myofibrils to withstand the
extreme mechanical force generated during muscle contraction. Z-
disks are attached to the sarcolemmal DGC and integrin complexes at
the sites of costameres via Z-disk-associated linker molecules (Ervasti,
2003). Recently, mutations in genes encoding Z-disk components
have been found to be responsible for a group of muscle diseases
termed myofibrillar myopathy, which is pathologically characterized
by myofibrillar disorganization, including the degeneration of the
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sarcomere structure (Selcen, 2008; Selcen et al., 2004). These reports
suggest that Z-disk proteins have important roles in maintaining
organized sarcomere structures.

Filamins are actin-crosslinking proteins first purified by their abil-
ity to bind and precipitate actin (Hartwig and Stossel, 1975; Stossel
and Hartwig, 1975). Filamins are composed of 3 isoforms, filamins
A, B, and C. All filamins consist of an N-terminal actin-binding domain
followed by 24 immunoglobulin-like repeats, and they dimerize at
the 24th repeat domain located at the C-terminus (Stossel et al.,
2001). Filamins directly interact with more than 30 diverse proteins,
and are involved in multiple cellular processes including cell-cell and
cell-matrix adhesion, mechanoprotection, actin remodeling, and var-
ious intracellular signaling pathways (Feng and Walsh, 2004). Filamin
C is a muscle-specific isoform and localizes at MT]Js, costameres, Z-
disks, and intercalated disks in mammal and avian muscles (Ohashi
et al, 2005; van der Ven et al., 2000a). Interestingly, filamin C
interacts with both DGC (Thompson et al., 2000) and integrin
(Gontier et al., 2005; Loo et al., 1998), as well as with the Z-disk
proteins myotilin (van der Ven et al, 2000b), FATZ-1 (Faulkner
et al, 2000), and myopodin (Linnemann et al., 2010) through its
C-terminal region. Such localization and protein interaction suggest
that filamin C functions in maintaining the mechanical integrity of
muscle cells. Recently, mutations in the filamin C gene were identified
in patients having myofibrillar myopathy (Kley et al., 2007; Luan
et al.,, 2010; Shatunov et al., 2009; Vorgerd et al., 2005). These pa-
tients frequently develop cardiac abnormalities in addition to skeletal
myopathy, suggesting the essential role of filamin C in both skeletal
and cardiac muscles. To investigate the function of filamin C in vivo,
Dalkilic et al. (2006) generated filamin C-deficient mice having a dele-
tion of the last 8 exons of Finc. This deficient mouse shows fewer mus-
cle fibers or primary myotubes than normal and abnormal rounded
fibers, suggesting defects in primary myogenesis; however, this
mouse does not present any cardiac defects, which indicates a
partial-loss-of-function. Since these mice die in utero or live only a
short while after birth, further detailed observations cannot be car-
ried out.

Recently, zebrafish have emerged as an alternative model organ-
ism to study the vertebrate muscular system and to isolate new
dystrophy-causing genes/pathways (Guyon et al., 2007; Steffen
et al., 2007). A deficiency of DGC or integrin-linked kinase causes a
muscular dystrophic phenotype in zebrafish embryos (Bassett et al.,
2003; Cheng et al., 2006; Gupta et al., 2011; Guyon et al., 2005; Postel
et al,, 2008), suggesting that their functions are likely to be analogous
to those in humans. In zebrafish embryos, the DGC is localized initial-
ly at the junctional area, where the ends of muscle fibers attach to the
myosepta, corresponding to the myotendinous junction (MT]). Loss of
DGC causes muscle fiber detachment at MT]Js, indicating compro-
mised adhesion between muscle fibers and the ECM of myosepta.
Medaka (Oryzias latipes), another teleost fish, has the experimental
advantages of external development, transparency, and quick pro-
duction of a number of embryos, similar to the zebrafish. Unlike
zebrafish, however, various medaka inbred strains have been estab-
lished; and the medaka genome, which is about one-half of the size
of the zebrafish genome, is almost fully sequenced and aligned, indi-
cating that the medaka has powerful advantages for the application of
forward genetics (Ishikawa, 2000; Wittbrodt et al., 2002).

Here, we identified a medaka mutant, zacro (zac), that has a
nonsense mutation, resulting in an early truncation at the 15th
immunoglobulin-like repeat of the medaka orthologue of filamin C.
This mutation causes myocardiac rupture in the ventricle. Although
this mutant displayed normal myogenesis in myotome muscles dur-
ing early stages of embryonic development, its myofibrils gradually
degenerated and became disorganized in later stages. Detailed histo-
logical analysis suggests an indispensable role of filamin C in the
maintenance of the muscle structure rather than in its formation in
both heart and skeletal muscles.

Materials and methods
Medaka strains and mutant screening

All studies requiring wild-type medaka (O. latipes) were carried
out by using the Qurt strain, which was derived from the southern
population (Wada et al., 1998). Fish were maintained in an aquarium
system with re-circulating water at 28.5 °C. Embryos were obtained
from natural spawning, and incubated at 28 42 °C. Stages were de-
termined as previously described (Iwamatsu, 2004). N-ethyl-N-nitro-
sourea (ENU) was used for mutagenesis, and a standard genetic F3
screening for mutations affecting embryogenesis were performed as
described earlier (Ishikawa, 1996; Ishikawa et al., 1999). The zac
mutant was identified by microscopic inspection as a Mendelian-
inherited recessive lethal mutation that caused a phenotype charac-
terized by congestion in the blood vessels and pericardial edema.

Positional cloning

zac heterozygous fish, which were maintained on the southern
Qurt genomic background, were mated with the northern HNI strain
fish (Hyodo-Taguchi, 1980) to generate F1 families. Embryos for the
genetic mapping were obtained from inter-crosses of F1 zac carriers.
To locate the genetic linkage, we conducted bulk segregant analysis
on pools of genomic DNA from zac mutants and wild-type embryos
by using sequence tagged site (STS) markers on the medaka genome
(Kimura et al., 2004). The zac region was narrowed down by using
additional STS markers, AU171271 and Olb2110h (Naruse et al., 2000),
and newly designed restriction fragment length polymorphism (RFLP)
markers, HAL and KCND2 (HAL; 5-GGATGGGCAGATGCCAAATATG-3’
and 5’-GTCCCGTTGATCAGAGCCAG-3'/Mbol, KCND2; 5’-CAGCAGGTG-
TAGCGGCATG-3’ and 5’-GTTGGCCATCACTGATATGGC-3'/Afal). cDNAs
of flnc from zac mutant and wild-type embryos were amplified, and ver-
ified by sequencing. The full-length cDNA of flnc was cloned by PCR using
primers including Xbal restriction enzyme sites [5-CAATCTAGACAAG-
GAACAAGCC-3' and 5’-GAATCTAGACCACCATTTAGCC-3'], and was se-
quenced. We obtained 2 different flnc clones, which appeared to be
splice variants. To confirm the linkage between the zac mutation and
flnc gene, we performed allele-specific PCR using 2 independent outer
primers [5'-TTCAGTTGGAGGACATGGGAT-3’ and 5'-GACACCTGCAACA-
CAACTCTA-3'] in combination with either a wild type-specific antisense
primer [5’-CTTGCAGGTCACCTTTCCTTT-3’] or a mutant-specific one [5'-
CTTGCAGGTCACCTTTCCTTA-3']. We also performed 5’-RACE and 3’-
RACE to obtain full-length sequence information on flnc cDNA. The se-
quences of the medaka flnc have been deposited in GenBank under the
accession numbers AB639344 and AB639345.

Birefringence assay

Embryos were dechorionated at stage 27. Muscle birefringence
was analyzed at stages 32 and 34 by placing anesthetized embryos
on a glass dish and observing them with an underlit dissecting
scope (Olympus, SZX12) having 2 polarizing filters (Olympus, SZX-
PO and SZX2-AN). The top polarizing filter was twisted until only
the light refracting through the striated muscle was visible.

Histological analysis

Embryos were fixed overnight at 4 °C in 4% paraformaldehyde
(PFA) in phosphate-buffered saline pH 7.4 (PBS), dehydrated by
ethanol, and embedded in a resin (Technovit 8100, Kulzer Heraeus)
according to the manufacturer's instructions. Sections were cut at
2 um and stained with Harris's hematoxylin and Eosin Y or Masson
trichrome staining buffer (SIGMA).
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